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jc.2013.0Abstract In this study, the economically important micro-alga (cyanobacterium) Spirulina platen-
sis was used as biosorbent for the removal of copper from aqueous solutions. The cyanobacterium
was exposed to various concentrations of copper and adsorption of copper by the biomass was eval-
uated under different conditions that included pH, contact time, temperature, concentration of
adsorbate and the concentration of dry biomass. Increased adsorption of copper by the non-living
biomass was recorded with gradually increasing pH, and a maximal uptake by the biomass was
observed at pH 7. The adsorption of copper was found to increase gradually along with decrease
in biomass concentration. Biosorption was found to be at a maximum (90.6%), in a solution con-
taining 100 mg copper/L, at pH 7, with 0.050 g dry biomass and at 37 C with 90 min of contact
time. Analysis of the spectrum obtained with atomic absorption spectrophotometer (AAS), indi-
cated that the adsorbent has a great potential to remove copper from aqueous media contributing
to an eco-friendly technology for efﬁcient bioremediation in the natural environment.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Environmental pollution with heavy metals is one of the most
important environmental problems these days. Disposal of
wastes containing heavy metals by various industries into envi-
ronments is the main reason for the problem. Mining and14675828.
du.sa, homaidan@msn.com
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5.022smelting of minerals and metals, surface ﬁnishing industry, en-
ergy and fuel production, fertilizer and pesticide industry, elec-
troplating, electrolysis, electro-osmosis, leather work,
photography, manufacture of electrical appliances, aerospace
and atomic energy installation, etc. are the major source of
heavy metal pollutants. Thus, heavy metal pollution has
emerged as a major concern threatening human health, natural
resources and ecosystem (Alluri et al., 2007). To avoid health
hazards, toxic heavy metals must be removed from wastewater
before their disposal. Many techniques have been developed to
remove heavy metals from contaminated water, including: re-
verse osmosis, electrophoresis, ultra-ion exchange, chemical
precipitation, phytoremediation, etc. However, all these meth-
ods have disadvantages such as incomplete metal removal,
high reagent and energy requirements, and toxicity whiching Saud University.
58 A.A. Al-Homaidan et al.requires careful disposal (Ahalya et al., 2003). In this context,
safe and cost effective methods, such as microbial biomass
application in industrial and waste water treatment have been
established.
Copper toxicity may occur from eating food and drinking
water, or breathing air enriched with an excess copper. Acute
toxicity of copper may cause anemia, intravascular hemolytic,
acute liver failure, and acute renal failure with tubular damage,
shock, coma and death and mild conditions may result in vom-
iting, nausea, and diarrhea (Wyllie, 1957; Spitalny et al., 1984;
Knobeloch et al., 1994).
These processes may contribute to environmental prob-
lems, as large amounts of sediment and sludge that contain
toxic compounds are produced and disposed. In addition to
high cost and low efﬁciency for removal of certain metal ions
they require the highest level of technical excellence and exper-
tise to solve the problem (Ahalya et al., 2003). Biosorption,
one of the several biological treatment processes, is desired
for the removal of toxic metals from wastewater since it is
based on the metal binding capacity of different biological
materials. Biosorption can be deﬁned as the ability of biologi-
cal materials to accumulate heavy metals from wastewater
through the process of uptake via metabolism or physico-
chemical pathways (Fourest and Roux, 1992).
Algal biomass is largely employed as a biosorbent material
for several reasons. (a) It is available in large quantities, (b) it is
largely cultivated worldwide, (c) its processing is relatively
cheap and (d) good performance and low cost (Aksu et al.,
1998). In this context, the main objective of the present study
was to develop a bio-based technology for the removal of toxic
copper pollutants from aqueous environments through bio-
sorption using non living biomass of economically important
micro alga Spirulina platensis.2. Materials and methods
2.1. Biosorbent
Biosorbent for the removal of metal ions from aqueous solu-
tions was prepared using the micro alga (cyanobacterium) S.
platensis (S. platensis UTEX LB 2340) which was acquired
from the culture collection of algae at The University of
Texas at Austin (UTEX). The strain was cultivated using
Zarrouk medium (Zarrouk, 1966). Outdoor cultures were car-
ried out according to the methodology described for central
Saudi Arabia (Al-Homaidan, 2002). The sun-dried biomass
was rinsed with deionized water to remove the residual alka-
linity. Later, it was dried in an oven initially at room temper-
ature for 24 h and subsequently at 80 C for 12 h. The dried
biomass was then ground well and passed through a 150–200
mesh sieve to obtain a powder form. Finally the contents
were stored in a desiccator at room temperature to be used
as a powdered biosorbent (Solisio et al., 2006). Dried algal
biomass was used for the studies after rehydration. Re-hy-
drated biomass was prepared by suspending the prepared
dry biomass in 100 ml of deionized water taken in 250-ml-
Erlenmeyer ﬂasks. After agitation on a rotary shaker
(150 rpm) at ambient temperature for 60 min, the biomass
was recovered by ﬁltration through a 0.45 lm membrane ﬁl-
ter (Millipore Corporation, U.S.A.) and immediately used in
adsorption studies (Cruz et al., 2004).2.2. Preparation of stock solution of copper
A stock solution of 1000 ppm copper solution was prepared by
dissolving 2.51 g of CuSO4.5H2O in 1 L of deionized distilled
water. Various concentrations of test solutions were prepared
by appropriate dilution of the stock solution. The initial pH
of each solution was then adjusted to the required value with
different concentrations of HCl and NaOH solutions before
mixing the biosorbent suspension.
2.3. Biosorption studies
Batch mode adsorption studies were carried out to investigate
the effect of different parameters such as biomass, contact
time, temperature, and initial concentration of copper, and
pH on the rate of adsorption of copper by biomass. Solution
containing adsorbate and adsorbent was taken in 250 mL
capacity ﬂasks and agitated at 150 rpm in an environmental
shaker (Spain, Model Comecta, s.a) at predetermined time
intervals. The adsorbate was then decanted and separated
from the adsorbent after centrifugation (6000 rpm, for
30 min) followed by ﬁltration using 0.45 lm membrane ﬁlters
(Millipore Corporation, U.S.A.).
2.4. Effects of biomass dose
The effect of dose (concentration) of adsorbent biomass on
adsorption of copper was studied using different biomass con-
centrations [1.5, 1, 0.75, 0.5, 0.25, 0.2, 0.150, 0.100, 0.050,
0.025, 0.02 g (dry weight)/L] and with 100 mg/L of copper.
The equilibrium time and the pH of the test solution were kept
constant.
2.5. Effects of contact time
Impact of contact time on adsorption of copper by biomass
was determined at varying periods of incubation time (30,
60, 90, 120,150 and 180 min), with an initial concentration of
copper 100 mg/L in an environmental shaker (Spain, Model
Comecta, s.a). After incubation for speciﬁed contact time,
the supernatant was analyzed for residual metal concentration
in the solution. The pH and the adsorbent concentration of the
biomass were kept constant, unless otherwise speciﬁed.
2.6. Effects of temperature
Effect of incubation temperature on biosorption of copper was
carried out at different incubation temperatures (20, 26, 37, 45,
55 and 60 C) with an initial concentration of copper 100 mg/L
in an environmental shaker (Spain, Model Comecta, s.a). The
pH, concentration of adsorbent biomass, and contact time
were kept constant throughout the study unless otherwise
mentioned.
2.7. Effects of pH
To determine the effect of pH on adsorption of copper by algal
biomass test solutions containing initial concentration of
100 mL of copper with different pH levels (2, 3, 4, 5, 6, 7, 8,
9, and 10) were prepared by adjusting the pH to desired initial
Figure 1 Effect of biomass concentration on adsorption of
copper by non-living biomass of S. platensis from solution with
stable pH 7.0, 26 C, 90 min. contact time and 100 mg/L of initial
concentration of copper.
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adsorbent. pH measurements were done using pH meter (Met-
tler –Toledo GmbH, Switzerland). The equilibrium time, tem-
perature and biomass concentrations were maintained
constant throughout the study unless otherwise mentioned.
2.8. Effects of initial concentration of copper
The impact of initial concentration of copper in test solution
on adsorption by biomass was studied at different initial con-
centrations (10, 40, 50, 60, 100, 150 and 200 mg/L) in 100 mL
aliquots of test solution prepared using stock solution of cop-
per. The equilibrium time, temperature, pH and biomass con-
centration were maintained constant throughout the study
unless otherwise speciﬁed.
2.9. Heavy metal analysis
After adsorption, the adsorbates – loaded adsorbent were sep-
arated from the solution by centrifugation at 6000 rpm for
30 min and then all the samples were ﬁltered immediately
through 0.45 lm membrane ﬁlters (Millipore Corporation,
U.S.A.) to remove biomass. Copper concentrations in test
solutions were analyzed by ﬂame atomic adsorption spectrom-
eter (AAS), model AA240FS (Varian, Milan, Italy). Copper
concentrations were expressed in mg/L in liquid and the differ-
ence between the initial and the residual concentrations was as-
sumed to be adsorbed by S. platensis cells (Zhou et al., 1998).
2.10. Conﬁrmation test for all the optimal conditions for sorption
Experiments were conducted in the sequential order used for
the determination of optimal level of parameters and the best
result from each experiment was applied for the subsequent
and rest of the experiments followed in the sequence. After
determination of optimal levels that supported maximal sorp-
tion, the same optimal conditions were chosen for all experi-
ments and repeated three cycles to conﬁrm the obtained
results. All the tests were carried out in quadruplicate and
the standard deviations and percentage errors between data
and mean values were statistically treated.3. Results and discussion
3.1. Effect of biomass concentration on adsorption of copper
Results presented in Fig. 1 indicate that the optimum dose of
biomass for maximal removal of copper ions was found to be
0.050 g/100 mL with a removal efﬁciency of 78.82%. It was
observed that the metal removal efﬁciency of the algal biomass
was a function of biomass concentration and the percent re-
moval of copper (adsorption) declined along with the increase
in biomass concentration from 0.05 g/100 ml. Further it was
also noted that maximal adsorption of copper was possible
even with low biomass concentrations of 0.025 g/100 ml and
0.020 g/100 ml which effected 78.3% and 77.95%, respectively.
Therefore, the optimum biomass dosage was selected as 0.05 g/
L for further experiments. pH 7.0 was found to be the ideal
condition for effecting maximal adsorption of metal during
these experiments. The biomass concentration is an importantvariable during metal uptake. At a given equilibrium concen-
tration, the biomass takes up more metal ions at lower cell
densities than at higher cell densities (Mehta and Gaur,
2001). It has been suggested that electrostatic interaction be-
tween cells can be a signiﬁcant factor in the relationship be-
tween biomass concentration and metal sorption. In this
regard, at a given metal concentration, the lower the biomass
concentration in suspension, the higher will be the metal/bio-
sorbent ratio and the metal retained by a sorbent unit, unless
the biomass reaches saturation, suggesting that high biomass
concentrations can exert a shell effect protecting the active sites
from being occupied by the metal. Thus, a smaller amount of
metal uptake per biomass unit is enabled (Rome and Gadd,
1987). In the present study it was noted that the amount of
adsorbent signiﬁcantly inﬂuenced the extent of copper
biosorption.
3.2. Effect of contact time on adsorption of copper
Data presented in Fig. 2 evidence that adsorption of copper by
microalgal biomass increased with an increase in contact time
up to 90 min and remained stable until 180 min. Maximum
adsorption was recorded within the ﬁrst 90 min. It was inferred
that the contact time inﬂuenced the biosorption of Cu by bio-
sorbent from aqueous solutions since it was noted that the rate
of copper biosorption by the nonliving cells was very rapid,
reaching almost 84.1% within 90 min of contact time. Further,
it was also observed that the level of biosorption of copper re-
mained in the range of 80.39–84.1% during the next 90 min of
incubation indicating a saturation point of adsorption. Earlier
studies have indicated that the process of biosorption became
slow during the later stage because during the initial stage of
Cu biosorption a large number of unmanned surface sites were
available for biosorption compared to that in the later stages,
when the rest of the site surface vacancies were probably inac-
cessible or deeper in the cell membranes (Kumar et al., 2006a,
b; Amarasinghe and Williams, 2007; Zafar et al., 2007). As a
result it becomes mandatory to determine the optimal contact
time for achieving maximal adsorption of metal at the earliest
possible time of incubation by the biomass toward having efﬁ-
cient biosorption and consequent metal removal. Results of
Figure 2 Effect of contact time on adsorption of copper by non-
living biomass of S. platensis (0.05 g/L, pH 7.0, 26 C, and 100 mg/
L of initial concentration of copper (expressed as percent
adsorption).
Figure 3 Effect of temperature on adsorption of copper from
solution by non-living biomass of S. platensis with stable biomass
concentration(0.05 g/L), pH 7.0, 90 min contact time, and 100 mg/
L of initial concentration of copper.
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for rapid metal uptake in short periods of contact time.
3.3. Effect of temperature on adsorption of copper
Temperature has a vital effect on adsorption process as it can
inﬂuence the process by an increase or decrease in the amount
of adsorption. The effect of temperature on the removal of Cu
was investigated as a function of contact time. The kinetic en-
ergy of Cu particles increased with increasing temperature of
the solution. Results obtained during the course of the present
study demonstrated the effect of temperature (20–60 C) on
the biosorption of Cu by the non living biomass of S. platensis
(Fig. 3). It was found that metal uptake increased gradually
with an increase in temperature and the rate of copper biosorp-
tion by the nonliving cells was rapid reaching a maximum of
90.61% at 37 C temperature, indicating that the removal of
the copper from aqueous to adsorbent is rapid at ambient tem-
peratures compared to higher temperatures (45–60 C) where
adsorption was in the range of 82.3–85% and at 26 C
(78.8%). In fact about 88% of adsorption of copper was re-
corded at 20 C indicating the efﬁciency of biomass for en-
hanced uptake of copper. Broadly speaking the biomass was
capable of taking up copper at levels above 78% at all temper-
atures studied indicating that variation in incubation tempera-
ture did not inﬂuence signiﬁcantly the process of biosorption,
since the observed difference in percent removal was not much.
Temperature plays a crucial role in biosorption of metal ions
since under certain range it affects (positive/negative) the bio-
sorption of metal ions (Khambhaty et al., 2009). As the colli-
sion frequency between adsorbent and Cu particles increased
at 37 C, the Cu particles could have been electro staticallyadsorbed onto the surface of the adsorbent particles. This indi-
cates that biosorption process of Cu ions is endothermic. Pre-
vious studies related to biosorption of heavy metals indicated
that the effect of temperature on biosorption depends on metal
biosorbent systems. Similar results were observed for copper
on different biomaterials (Nuhoglu and Oguz, 2003).
3.4. Effect of pH on adsorption of copper
One of the critical factors that inﬂuences adsorption of metal
ions is pH since it directly affects the metal solubility or the
dissociation degree of functional groups located on the surface
of sorbent. Thus the adsorption of copper by S. platensis was
observed in the present study as a function of pH (Fig. 4). Re-
sults showed that in all cases, metal uptake by the biomass in-
creased with an increase in pH from 5.0 to pH 7.0 although
optimal pH for maximal copper adsorption was found to be
7.0. Further it was noted that adsorption of copper by biomass
was affected by acidic pH (pH 2.0–5.0) while pH 7.0 to 9.0 sup-
ported the adsorption process. However, highly alkaline pH
conditions (pH 10.0) led to a decline in adsorption efﬁciency.
In general, the metal adsorption rate decreases to a large extent
with an increase in alkalinity mainly at pH > 6.0–7.0 (Vannela
and Verma, 2006). An increase in pH means a lower amount of
protons, which causes a decrease in the competition between
proton and heavy metal ions. Increased pH is an indication
that the ligands are available for metal ion binding and so bio-
sorption is enhanced (Kaewsarn, 2002). Further, the interac-
tion between sorbets and sorbent is affected by the pH of an
aqueous medium in two ways: ﬁrstly, metal ions can have dif-
ferent forms in different types of pH. Secondly, the surface of
the biosorbent composed of biopolymers with many functional
groups, affecting the net charge of biosorbent (Maurya et al.,
2006). The results of the present study indicated that the
Figure 4 Effect of pH on adsorption of copper by non-living
biomass of S. platensis with stable biomass concentration(0.05 g/
L), 37 C, 90 min contact time, and 100 mg/L of initial concen-
tration of copper.
Figure 5 Effect of initial concentration of copper on adsorption
by non-living biomass of S. platensis with stable biomass
concentration (0.05 g/L), pH 7.0, 37 C, and 90 min of contact
time.
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the aqueous solutions. In fact the cell surface of non-living cells
becomes more positively charged at low pH values, thereby
reducing the attraction between metal ion and functional
groups at the cell wall. On the other hand, when the pH in-
creases, the cell surface is more negatively charged and prefer-
ably keep the process until reaching a maximum around pH 7
(Volesky and Holan, 1995).
At pH < 3.0, hydrogen ions compete with metal ions for
the same adsorption sites on the biosorbent, compromising
again metal sorption. Therefore, there is an optimum pH for
the sorption of each metal, usually within the range 4.0–6.0,
in which the competition of hydrogen ions is minimized, there-
by enhancing metal sorption (Gong et al., 2005). In spite of the
discrepancies recorded in the literature on the effect of pH on
the biosorption it is inferred that pH would alter the process of
adsorption of metal ions to cells and it varies with the type of
adsorbents (cells) and adsorbates (metal ions) (Chen et al.,
2005). Thus in the present study it was observed that acidic
pH levels did not support biosorption while neutral pH 7.0 fa-
vored maximal biosorption of copper by non-living cells of S.
platensis, similar to that reported earlier for other species of
microorganisms(Volesky and Holan, 1995).
3.5. Effects of initial concentration of copper on adsorption of
copper
Data presented in Fig. 5 evidence the effect of initial metal ion
concentration ranging from 10 to 200 mg/L on the adsorption
of copper by algal biomass. Increase in initial copper concentra-
tion was found to inﬂuence an increase in biosorption of copper
by biomass and concentration of 100 mg/L recorded the opti-
mum absorption of copper. The initial metal concentration
plays an important role in the process of biosorption. In fact
along with an increase in concentration of copper from 10 to
100 mg/L there was a gradual increase in adsorption from47.65% to 90.61%, almost a double fold increase in percent
adsorption was recorded at 100 mg/L. However, further in-
crease in initial concentration of copper above 150 mg/L led
to a decline in the percent adsorption of copper indicating satu-
ration of all the binding sites on algal surface beyond a particu-
lar concentration. An earlier study reported that percent
adsorption decreased with an increase in the metal concentra-
tion, due to saturation of all binding sites with metal ions and
establishment of equilibrium between adsorbate and biosorbent
(Bai and Abraham, 2001). The initial concentration of metals
plays an important role in the process of biosorption, probably
due to the reason that large amounts of metal ions are available
to compete on the binding sites. Thus Cu concentration above
100 mg/L did not increase the biosorption signiﬁcantly and per-
cent metal removal remained almost constant or showed even a
decrease indicating saturation of all the binding sites on algal
surface beyond a particular concentration (Ozturk et al.,
2004). In the present study a similar decrease in the removal efﬁ-
ciency with increasing Cu concentration up to 200 mg/Lwas ob-
served. Further it was noted that percent metal removal
decreased from 90.6% to 65.7%. The decrease was probably
due to the saturation of the sorption sites on the adsorbent, as
the concentration of the metal increased. However, higher bio-
sorption yields were observed at lower metal concentrations
(Malkoc, 2006). The adsorption capacity (mg of adsorbed me-
tal/g microalgal biomass) was found to increase exponentially
along with an increase in the initial metal concentration in the
range of 10–200 mgmetal/L. An increase in biomass adsorption
capacity with the increasing initial metal concentration has been
previously reported for both single and mixed metal solutions
and was attributed to the higher mass transfer and kinetic en-
ergy, thus the probability for collision between metal ions and
the biosorbents (Atkinson et al., 1998; Donmez et al., 1999; Le-
sage et al., 2007).
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Biosorption is a relatively new process that has been shown to
have a considerable potential for the efﬁcient removal of pollu-
tants from aqueous efﬂuents. The present study gives the evi-
dence of the possible beneﬁts of using the dry biomass of S.
platensis for the removal of heavy metals from aqueous media
and the biomass concentration was found to have a signiﬁcant
impact. The dried algal biomass, in the batch experiment, was
found to be very efﬁcient in removing copper ions (90.6%)
from aqueous solution containing metal waste, and the maxi-
mum removal rate was achieved within 90 min of contact time.
The process is strongly affected by several parameters such as:
contact time, initial copper concentration and thepHof the solu-
tion. This study indicated the scope for developing an appropri-
ate technology for effective designing of a waste water treatment
plan. However, further work should be performed in order to
have a better understanding of copper biosorption binding
mechanism by dried S. platensis. It is concluded that this adsor-
bent has a great potential for removing copper from aqueous
solutions as an eco-friendly process.Acknowledgement
This project was supported by King Saud University, Deanship
of Scientiﬁc Research, College of Science Research Center.
References
Ahalya, N., Ramachandra, T.V., Kanamadi, R.D., 2003. Biosorption
of heavy metals. Res. J. Chem. Environ. 7 (4), 71–79.
Aksu, Z., Egˇretli, G., Kutsal, T., 1998. A comparative study of copper
(II) biosorption on Ca-alginate, agarose and immobilized C.
vulgaris in a packed-bed column. Proc. Biochem. 33, 393–400.
Al-Homaidan, A.A., 2002. Large-scale cultivation of Spirulina in
Saudi Arabia. Saudi J. Biol. Sci. 8 (2), 13–23.
Alluri, H.K., Ronda, S.R., Settalluri, V.S., Bondili, J.S., Suryanara-
yana, V., Venkateshwar, P., 2007. Biosorption: an eco-friendly
alternative for heavy metal removal. Afr. J. Biotechnol. 6 (25),
2924–2931.
Amarasinghe, B.M.W.P.K., Williams, R.A., 2007. Tea waste as a low
cost adsorbent for the removal of Cu and Pb from wastewater.
Chem. Eng. J. 132, 299–309.
Atkinson, B.W., Bux, F., Kasan, H.C., 1998. Considerations for
application of biosorption technology to remediate metal-contam-
inated industrial efﬂuents. Water SA 24, 129–135.
Bai, S.R., Abraham, T.E., 2001. Biosorption of Cr (VI) from aqueous
solution by Rhizopus nigricans. Bioresour. Technol. 79, 73–81.
Chen, X.C., Wang, Y.P., Lin, Q., Shi, J.Y., Wu, W.X., Chen, Y.X.,
2005. Biosorption of copper(II) and zinc(II) from aqueous solution
by Pseudomonas putida CZ1. Colloids Surf. B Biointerfaces 46,
101–107.
Cruz, C.C.V., Costa, A.C., Henriques, C.A., Luna, A.S., 2004. Kinetic
modeling and equilibrium studies during cadmium biosorption by
dead Sargassum sp. biomass. Bioresour. Technol. 91, 249–257.
Donmez, G.C., Aksu, Z., Ozturk, A., Kutsal, T., 1999. A comparative
study on heavy metal biosorption characteristics of some algae.
Process Biochem. 34, 885–892.
Fourest, E., Roux, J.C., 1992. Heavy metal biosorption by fungal
mycelial byproducts: mechanism and inﬂuence of pH. Appl.
Microbiol. Biotechnol. 37, 399–403.Gong, R., Ding, Y., Lio, H., Chen, Q., Liu, Z., 2005. Lead biosorption
and desorption by intact and pretreated Spirulina maxima biomass.
Chemosphere 58, 125–130.
Kaewsarn, P., 2002. Biosorption of copper(II) from aqueous solutions
by pre-treated biomass of marine algae Padina sp. Chemosphere 4,
1081–1085.
Khambhaty, Y., Mody, K., Basha, S., Jha, B., 2009. Biosorption of
Cr(VI) onto marine Aspergillus niger: experimental studies and
pseudo-second order kinetics. World J. Microbiol. Biotechnol. 25,
1413–1421.
Knobeloch, L., Ziarnik, M., Howard, J., Theis, B., Farmer, D.,
Anderson, H., Proctor, M., 1994. Gastrointestinal upsets associ-
ated with ingestion of copper-contaminated water. Environ. Health
Perspect. 102, 958–961.
Kumar, Y.P., King, P., Prasad, V.S.R.K., 2006a. Removal of copper
from aqueous solution using Ulva fasciata sp. – A marine green
algae. J. Hazard. Mater. B 137, 367–373.
Kumar, Y.P., King, P., Prasad, V.S.R.K., 2006b. Comparison for
adsorption modeling of copper and zinc from aqueous solution by
Ulva fasciata sp. J. Hazard. Mater. B 137, 1246–1251.
Lesage, E., Mundia, C., Rousseau, D.P.L., Van de Moortel, A.M.K.,
Du Laing, G., Meers, E., Tack, F.M.G., De Pauw, N., Verloo,
M.G., 2007. Sorption of Co, Cu, Ni and Zn from industrial
efﬂuents by the submerged aquatic macrophyte Myriophyllum
spicatum L. Ecol. Eng. 30, 320–325.
Malkoc, E., 2006. Ni(II) removal from aqueous solutions using cone
biomass of Thuja orientalis. J. Hazard. Mater. B 137, 899–908.
Maurya, N.S., Mittal, A.K., Cornel, P., Rother, E., 2006. Biosorption
of dyes using dead macro fungi: effect of dye structure, ionic
strength and pH. Bioresour. Technol. 97, 512–521.
Mehta, S.K., Gaur, J.P., 2001. Removal of Ni and Cu from single and
binary metal solutions by free and immobilized Chlorella vulgaris.
Eur. J. Protistol. 37, 261–271.
Nuhoglu, Y., Oguz, E., 2003. Removal of copper(II) from aqueous
solutions by biosorption on the cone biomass of Thuja orientalis.
Process Biochem. 38, 1627–1631.
Ozturk, A., Artan, T., Ayar, A., 2004. Biosorption of nickel(II) and
copper(II) ions from aqueous solution by Streptomyces coelicolor
A3(2). Colloids Surf. B Biointerfaces 34 (2), 105–111, 15.
Rome, L., Gadd, G.M., 1987. Copper adsorption by Rhizopus
arrhizus, Cladosorium resinae and Penicillium italicum. Appl.
Microbiol. Biotechnol. 26, 84–90.
Solisio, C., Lodi, A., Torre, P., Converti, A., Del, B.M., 2006. Copper
removal by dry and re-hydrated biomass of Spirulina platensis.
Bioresour. Technol. 97, 1756–1760.
Spitalny, K.C., Brondum, J., Vogt, R.L., Sargent, H.E., Kappel, S.,
1984. Drinking water-induced intoxication in a Vermont family.
Pediatrics 74, 1103–1106.
Vannela, R., Verma, S.K., 2006. Co2+, Cu2+, and Zn2+ accumulation
by cyanobacterium Spirulina platensis. Biotechnol. Prog. 22, 1282–
1293.
Volesky, B., Holan, Z.R., 1995. Biosorption of heavy metals.
Biotechnol. Prog. 11, 235–250.
Wyllie, J., 1957. Copper poisoning at a cocktail party. Am. J. Public
Health 47, 617.
Zafar, M.N., Nadeem, R., Hanif, M.A., 2007. Biosorption of nickel
from protonated rice bran. J. Hazard. Mater. 143, 478–485.
Zarrouk, C. (1966). Contribution a‘ l’e´tude d’une cyano phyce´e.
Inﬂuence de divers facteurs physiques et chimiques sur la croissance
et la photosynthe‘se de Spirulina maxima. Ph. D. Thesis, Universite´
de Paris.
Zhou, J.L., Huang, P.L., Lin, R.G., 1998. Sorption and desorption
of Cu and Cd by macroalgae and microalgae. Environ. Pollut.
101, 67–75.
